19 20 21 22 45 3 rate via a different pathway than what was expected. This result can be explained by our 46 observation that long genes, such as those coding for RNA polymerase subunits, have a higher 47 probability of premature translation termination in the presence of ribosome inhibitors, while 48 expression of short ribosomal genes is affected less, consistent with their increased 49 concentration. 50
Abstract 23 In bacterial cells, inhibition of ribosomes by sublethal concentrations of antibiotics leads to a 24 decrease in growth rate despite an increase in ribosome content. The limitation of ribosomal 25 activity results in an increase in the level of expression from ribosomal promoters; this can 26 deplete the pool of RNA polymerase (RNAP) that is available for the expression of non-ribosomal 27 genes. However, the magnitude of this effect remains to be quantified. Here, we use the change 28 in the activity of constitutive promoters with different affinities for RNAP to quantify the change 29 in the concentration of free RNAP. The data are consistent with a significant decrease in the 30 amount of RNAP available for transcription of both ribosomal and non ribosomal genes. Results 31 obtained with different reporter genes reveal an mRNA length dependence on the amount of 32 full-length translated protein, consistent with the decrease in ribosome processivity affecting 33 more strongly the translation of longer genes. The genes coding for the β and β' subunits of 34 RNAP are amongst the longest genes in the E. coli genome, while the genes coding for ribosomal 35 proteins are among the shortest genes. This can explain the observed decrease in transcription 36 capacity that favors the expression of genes whose promoters have a high affinity for RNAP, 37 such as ribosomal promoters. 38 Importance 39 Exposure of bacteria to sublethal concentrations of antibiotics can lead to bacterial adaptation 40 and survival at higher doses of inhibitors, which in turn can lead to the emergence of antibiotic 41 resistance. The presence of sublethal concentrations of antibiotics targeting translation results 42 in an increase in the amount of ribosomes per cell and a decrease in the cells' growth rate. In 43 this work, we have found that inhibition of ribosome activity can result in a decrease in the 44 amount of free RNA polymerase available for transcription, thus limiting the protein expression Introduction 51 Bacteria often encounter sub-lethal levels of antibiotics produced by other microorganisms in 52 their environment. A decrease in growth rate in these conditions can allow a strain to survive 53 long enough until the inhibitor is no longer present or, in some cases, until the bacteria becomes 54 resistant to the antibiotic via the selection of pre-existing mutations or an increase in mutation 55 rates (1-4). However, the mechanistic details of these response pathways often remain to be 56 described. The cellular response to the limitation of translation activity is thought to be related 57 to the pathway involved in the stringent response, the regulatory mechanism that decreases 58 ribosome production in response to a decrease in amino acid availability. This is mediated by 59 the change in concentration of the secondary messenger molecule, (p)ppGpp, that is produced 60 by the RelA enzyme when the pool of amino acids decreases and ribosomes are not loaded with 61 charged tRNAs (5, 6). ppGpp can directly inhibit ribosome assembly (7, 8) and the activity of 62 RNA polymerase (RNAP) at ribosomal promoters, while increasing the activity of the promoters 63 of genes for amino acid biosynthesis (9). The transcription of ribosomal operons can use a large 64 fraction of the free RNA polymerase pool in the cell because of the high affinity of the ribosomal 65 promoters for the enzyme and a high frequency of transcription initiation. Therefore, the 66 regulation of ribosomal promoter activity can be a means by which the pool of free RNA 67 polymerase can be repartitioned between ribosomal operon transcription and non-ribosomal 68 4 mRNA synthesis. This has been referred to as the "passive control" of transcription regulation 69 (10) (11) (12) (13) (14) . 70 The ppGpp dependent feedback loop also plays a role in the regulation of ribosome content as 71 a function of growth rate (15-17). Growth rate dependent regulation of gene expression 72 determines the allocation of cellular resources between the production of ribosomes and that 73 of other proteins and results in a linear increase in ribosome content with increasing growth 74 rate (15, (18) (19) (20) . In richer growth media, when the amount of amino acids is higher, ppGpp 75 levels are lower, favoring ribosome production and a higher fraction of active ribosomes (16). 76 In poorer media it is the inverse, accumulation of ppGpp slows down the production of new 77 ribosomes and a smaller fraction of the ribosome pool is in an active form (19) . 78 When ribosome activity is inhibited by sublethal concentrations of antibiotics, amino acids are 79 used more slowly and their concentration increases, which can result in a decrease in the 80 intracellular ppGpp pool (5). The cellular response, as predicted by the ppGpp feedback loop, is 81 to produce a higher amount of ribosomes and an increased translation rate, however, despite 82 this increase, the cell's growth rate is reduced (18, 19) . This has been proposed to result from a 83 decrease in the resources available for the production of non-ribosomal proteins that become 84 limiting for cellular metabolism (18). More recent results point to a decrease in the fraction of 85 active ribosomes to explain the decrease in the total protein production rate (19). 86 To measure the effect that the inhibition of ribosome activity can have on gene expression 87 resulting from a possible repartition of RNAP, we have compared the activity of a ribosomal 88 promoter to that of constitutive promoters with different affinities for RNAP. This approach 89 stems from a well-established protocol developed by Hans Bremer and coworkers of using 90 5 quantitative measurements of changes in constitutive and ribosomal promoter activity as 91 reporters of changes in the amount of free RNAP and of ppGpp (21-24). 92 In parallel, we analyzed transcriptomics and proteomics data from the literature on the direct 93 and indirect effects of changing ppGpp concentration and translation limitation on gene 94 expression (25, 26). The results from this analysis are consistent with a linear decrease with 95 decreasing growth rate in the concentration of free RNAP available for promoter binding and 96 transcription. We propose a model that can explain this decrease in transcriptional activity 97 based on the observation that gene length is an important parameter on the change in protein 98 expression in the presence of sublethal levels of chloramphenicol and that RNAP contains two 99 of the longest gene products in the E. coli genome. 100 (Table S1 ) (23, 28, 29). The second promoter 110 used here is a constitutive promoter, P5, that has consensus -10 and -35 sequences and no 111 discriminator region. The third is PLtet, also a strong constitutive promoter with no 112 discriminator region but with a lower affinity for RNA polymerase due to a non-consensus -10 113 6 sequence (30). Bremer and coworkers have shown that the activity of the rrnBP1 promoter is 114 proportional to the concentration of ppGpp in vivo (23), and that the activity of constitutive 115 promoters can be used to estimate the amount of free RNA polymerase in the cell (21, 23). Each 116 of these promoters was placed upstream of the gfpmut2 gene and this cassette was inserted in 117 the chromosome together with a kanamycin resistance gene expressed divergently from the 118 chosen promoter ( Fig. S1 ). Growth of these strains in a 96-well plate allowed us to measure the 119 changes in growth rate, the GFP concentration and the resulting GFP production rate (Gpr) as a 120 function of chloramphenicol concentration (Figs. 1 and S2). We compared four different growth 121 media, M9 with glucose, M9 with glycerol and these two media supplemented with casamino 122 acids (cAA). This results in four different growth rates. Furthermore, it has been already shown 123 that cells growing in a growth medium containing amino acids have a lower concentration of 124 ppGpp (16, 23), allowing us to compare the effects due to changing concentrations of this key 125 metabolite without the use of mutant strains that can result in secondary effects on cell 126 metabolism due to the multiple targets of ppGpp (8, 31). In the absence of translation inhibition, the change in promoter activity measured as a function 141 of growth rate is consistent with previous measurements on constitutive promoters and rrnBP1 142 derived promoters (11, 27, 32) ( Fig. 1A) . The concentration of GFP from the constitutive 143 promoters tends to decrease at the faster growth rates due to their lack of specific growth rate 144 dependent regulation and the increased dilution rate (33), while the concentration of GFP 145 expressed from the rrnBP1 promoter increases with growth rate until the last point, where Fis 146 activation, absent in this construct, has been shown to be required for continued increased 147 expression (27). The PLtet promoter has a lower affinity for RNAP than P5 does (see below), 148 however when RNAP binds at the PLtet promoter it initiates transcription with a higher 149 frequency than at P5 (30), resulting in a higher promoter activity ( Fig. S2 ) and consequently a 150 higher GFP concentration ( Fig. 1A ). 151 Previous work has shown that as the concentration of chloramphenicol is increased, the total 152 RNA content relative to the total protein mass increases -reflecting the increase in ribosomal 153 RNA-and the concentration of a reporter protein expressed from a constitutive promoter 154 decreases (18). Therefore, the expected result here is that the GFP concentration from a the ratios of GFP production rates as a function of growth rate in the absence of 177 chloramphenicol. The ratio of P1 to P5 rates increases rapidly between M9-glu and M9-cAA-gly, 178 consistent with a lower level of ppGpp in the cells growing in the presence of cAA (23) increasing 179 the probability of transcription initiation specifically from P1. 180 In the presence of Cm, the fold increase of gene expression from P1 is greater than the one of 181 P5 in the cells that are grown without cAA, consistent with a decrease in ppGpp levels by the 182 addition of the antibiotic (Fig. 2C ). As the Cm concentration is increased further, the difference 183 10 between the two promoters decreases again to the initial level. On the other hand, in the 184 growth media with cAA, and thus lower levels of ppGpp, the P1 to P5 ratio decreases, indicating 185 that the change in GFP production rate from P1 is lower than that of P5 as a function of 186 increasing Cm. A similar result is also observed for the PLtet to P5 ratio, independently of the 187 growth medium (Fig. 2B ). 188 The comparison of two promoters with differing affinities for RNAP can be used to estimate the 189 change in the amount of free RNAP that is available for transcription (23, 34). In the absence of 190 Cm, the ratio of PLtet to P5 GFP production rate increases linearly with increasing growth rate 191 ( Fig the PLtet to P5 ratio, while the P1 to P5 ratio is also influenced by changes in ppGpp 222 concentration. Thus, using the P1 to P5 GFP production rate ratio it is possible to estimate the 12 In summary, the transcriptional changes measured by the decrease in the PLtet to P5 and P1 to 226 P5 ratios, which are in line with a decrease in free RNAP concentration, must be independent 227 of a ppGpp-mediated repartition between ribosomal and non-ribosomal promoters, since they 228 can also be observed in the growth media with cAA, where ppGpp levels have been previously 229 shown to be very low (16). 
Results
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244
In order to produce an expectation, we reasoned as follows. The processivity of translation has 245 been shown to decrease exponentially with increasing gene length (36) . If, in addition, ribosome 246 13 processivity were decreased by an inhibitor, then the probability to finish the translation of a 247 long gene would be lower compared to a shorter gene, decreasing the rate of expression of the 248 longer gene to a greater extent. To test this hypothesis, we compared the changes in gene 249 expression from the same constitutive promoter, P5, of two different genes, gfpmut2, and lacZ, 250 in the presence of increasing chloramphenicol concentrations (Fig. 3A) . The results show that 251 while the concentration of GFP increases as a function of Cm concentration, β-galactosidase 252 concentration decreases (Fig. 3A ). coli is about 900 bp) and they could be subject to the length effect we found in our reporters. 274 Transcription and translation are coupled via a physical interaction between RNA polymerase 275 and the first ribosome translating the mRNA, which can be mediated by NusG or RfaH (38-41). 276 Therefore, an additional factor that could decrease the expression of longer genes, and of late 277 genes within an operon, in the presence of translation inhibitors is the loss of this RNAP-278 ribosome interaction exposing the mRNA for degradation and/or decreasing RNAP speed and 279 processivity (42). 280 Previous work has shown that inhibiting ribosome activity with a higher concentration of 281 antibiotics than was used here can result in decoupling of transcription and translation (42). To 282 test whether these sublethal concentrations of Cm could have a similar effect on the RNAP-283 ribosome interaction, constructs were made where two genes of equal length coding for a red 284 and a green fluorescent protein are placed one after the other within the same operon (Fig. 4A) . 285 In this case, there is an equal probability that a ribosome will stall during translation of either 286 gene. However, if the first ribosome translating the upstream gene is inhibited, the one in 287 contact with RNAP, it will also decrease the probability that the downstream gene will be 288 transcribed by affecting the stability of the mRNA and of the transcription complex. Indeed, in 289 these constructs we observe a decrease in the GFP to RFP ratio with increasing Cm. This could 290 be either due to a decrease in transcription processivity from the loss of the RNAP-ribosome 291 15 interaction or to an increase in the probability that the operon mRNA is degraded before RNAP 292 finishes GFP transcription due to early termination of RFP translation, or a combination of both. 293 The formation of a terminator hairpin in the transcribed mRNA can be used to detect the 294 presence of a ribosome-RNAP interaction (43). If a ribosome is bound on the mRNA as it is being 295 extruded from RNAP, the terminator hairpin structure cannot fold. If inhibition of ribosome 296 activity decouples translation from the ongoing transcription, then the RNA will be allowed to 297 fold and transcription will stop. Transcription terminators of different strength have been 298 inserted between the two genes (43). The efficiency of these terminators is determined by the 299 distance between the stop codon of the upstream gene and the hairpin loop forming sequence. 300 Termination will be less efficient when this distance is shorter. If transcription and translation 301 are decoupled, the RNAP to ribosome distance will increase and we expect that the efficiency 302 of the weaker terminators will increase with increasing Cm. However, we observe the same 303 fractional decrease in GFP/RFP in all the constructs, independently of the distance from the stop 304 codon, or of the presence of the terminator (Fig. 4 and S8 ). Therefore, it seems that at these 305 low Cm concentrations, the probability of decoupling of transcription and translation is not 306 significant enough to allow for the folding of the hairpin loop. The stalling of a ribosome 307 however, independently of its interaction with RNAP, can result in an increased probability of 308 mRNA degradation. In this case, the stalling of non-leading ribosomes, which are in greater 309 number than the one interacting with RNAP and thus a more probable target, can decrease the 310 lifetime of the operon's mRNA, decreasing the probability that translation will be completed at Fig. 2A) , the decrease in the presence of increasing translation limitation, within the same 338 growth medium, has a steeper, linear, slope ( Fig. 2B and Fig. S3 ). The evidence provided here 339 points to a possible cellular adaptation mechanism leading to a reduction in transcription 340 capacity when ribosome activity is compromised. This adaptation decreases the cost of 341 transcription of untranslated mRNAs (44) and allows for more resources to be available for the 342 synthesis of increased amounts of ribosomes to respond to the presence of translation 343 inhibitors. Importantly, we can quantify the contribution of the change in free RNAP to changes 344 in transcription capacity: the comparison of two different constitutive promoters with differing 345 RNAP affinity, PLtet and P5, shows a striking difference in the change in GFP production rate 346 and the resulting GFP concentration with increasing ribosome inhibition (Fig. 1) . The decrease 347 in the amount of free RNAP estimated by measuring the ratio of GFP production rates from 348 these two promoters (PLtet/P5) is about 10-fold, independently of the presence of amino acids 349 in the growth medium ( Fig. 2 and Fig. S3 ) and therefore of the change in ppGpp concentration 350 (see below). 351 We found that, as the sublethal concentration of ribosome inhibitor is increased, the growth 352 rate decreases linearly with the decrease in the concentration of free RNA polymerase, pointing 353 to a possible growth-limiting role for this enzyme in these conditions (Fig. 2B) . The decrease in 354 free RNAP could be due to different factors affecting the nonspecific interactions of the enzyme 355 with the genome (22), however, the results obtained here from the comparison of the 356 expression of two proteins of different lengths, β-gal and GFP (Fig. 3) suggest that a decrease in 357 18 the amounts of the full length protein may have a significant contribution to this effect. The 358 RNA polymerase core contains two of the longest proteins in E. coli, the β and β' subunits ( Fig.   359 S12), increasing the probability that a ribosome will stall before reaching the end of the mRNA. 360 This interpretation is further supported by the proteomics analysis of Hui et al. (25) . They 361 measured the change in protein fraction of over 1000 proteins in the presence of increasing 362 concentrations of Cm by quantitative mass spectrometry. Their results show that the β and β' 363 subunits of RNAP remain a constant fraction of the proteome with increasing Cm and decreasing 364 growth rate. Since decreasing growth rate is associated with decreased protein production rate, 365 and in these conditions ribosomes are in excess, these results are in line with RNAP playing a 366 limiting role in determining the total rate of protein production and the cell's growth rate. 367 Moreover, these results can shed light on a recent study by Dai et al (19) where it was proposed 368 that in the presence of sublethal concentrations of Cm, despite an increase in the translation 369 elongation rate due to a higher concentration of ternary complexes, the reduction in the total 370 protein production rate results from a decrease in the active ribosome fraction, or the fraction 371 of ribosomes that can reach the end of a mRNA in the presence of the inhibitor (19). Here we 372 identify RNAP as one of the genes that is likely to be most affected by the decrease in ribosome 373 processivity due to the length of its β and β' subunits, while shorter genes are affected to a 374 lesser extent. differing length (45). In E. coli the spacer sequences, that account for more than 25% of the total 381 sequence, can be deleted without causing a significant decrease in transcription activity. In 382 archea and chloroplasts some of the conserved protein modules are found in separate genes 383 and in E. coli they can be split from each other to produce an active enzyme (47), suggesting 384 that the length of these genes is not imposed by functional constraints. The reason why the 385 RNAP and ribosomal proteins find themselves at opposite ends of the spectrum of gene lengths 386 in bacteria is likely linked to the assembly process, structural flexibility and stability of the final 387 multi-protein complex (48, 49); however, these results suggest that it could also play an ppGpp on gene expression may be via a change in the translation rate rather than the 409 transcription rate ( Fig. 1 and Fig. S15 ). The translation of short proteins such as GFP is barely 410 affected by the presence of sublethal concentrations of Cm (8 % probability of drop off at the 411 highest concentration used here) and can therefore be used to estimate the changes in total 412 translation activity and to estimate how the translation capacity is affected by chloramphenicol 413 challenges (Fig. S15 ). As the concentration of ribosome inhibitor is increased, the translation 414 rate of GFP increases and mirrors the change of the effect of ppGpp on the P1 promoter ( Fig.   415 S15 and S4A respectively). Several factors can contribute to this increase in translation rate in 416 the presence of Cm: the shorter than average length of ribosomal genes (Fig. S12) , whose 417 translation is not affected as strongly by translation inhibition compared to longer genes; the 418 high affinity of RNAP for ribosomal promoters, insuring transcription despite a decrease in the 419 concentration of free RNAP (Fig. S11) ; the decrease in ppGpp in the growth media lacking 420 casamino acids (Fig. S4) , resulting in an increase in both ribosomal promoter activity ( Fig. 1) The decrease in growth rate due to limiting transcription is unexpected, as ribosome activity is 436 usually thought to always be rate-limiting for bacterial growth, however, depending on the 437 growth conditions, transcription has also been seen to become limiting in eukaryotic cells (68), 438 pointing to different strategies of cellular adaptation to changing growth conditions and such as chloramphenicol (Cm) results in translation of longer genes being prematurely terminated more 458 frequently than translation of shorter genes. RNAP subunits β and β' are among the longest genes in E. 459 coli, while ribosomal proteins are among the shortest. The decrease in free RNAP can be measured by a 460 decreasing ratio of high affinity to low affinity promoter genes expression rate. The decrease in ribosome 461 processivity increases the probability of mRNA degradation, thus penalizing the expression of genes at 462 the end of operons. In nutrient poor media, inhibition of ribosome activity by chloramphenicol increases 463 the pool of amino acids and decreases the levels of ppGpp, increasing both ribosome production and 464 ribosome activity. Ab: antibiotic. 465 466
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A decrease in translation processivity can result in decreased expression of late operon genes.
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Is the extreme length of RNA polymerase genes a feature conserved for the coupling of
Materials and Methods
467
Strains, promoters and reporters 468 GFP and β-galactosidase were used as the reporter proteins to measure the rate of gene 469 expression from a specific promoter. The GFP gene used is gfpmut2 coding for a fast-folding 470 GFP (63). The β-galactosidase gene is a 5'-end-modified lacZ from the pCMVbeta plasmid (64). 471 Comparison with the wild type lacZ gene shows that the additional 23 amino acids do not (Table S1 ). The constructs of P1-gfpmut2, P5-gfpmut2, PLtet-gfpmut2 and P5-lacZ with a 476 divergent kanamycin resistance gene were inserted in the chromosome of the BW25113 477 Escherichia coli strain. P1-gfpmut2 and P5-gfpmut2 (for Fig. 1 ) were inserted at position 258235 478 between the convergent crl and phoE genes, PLtet-gfpmut2 was at position 356850 between 479 cynR and codA, and P5-lacZ and P5-gfpmut2 (for Fig. 3 ) were at position 1395689 between uspE 480 and ynaJ. Genome position did not have an effect on the change in reporter gene expression as 481 a function of Cm. The double fluorescent protein system (RFP-GFP constructs) has been 482 described previously (43). The ribosome binding sites (RBS) i.e. Shine-Dalgarno sequences, used 483 in above constructs are all similar to the consensus UAAGGAGGU (65). The RBS for GFP 484 (gfpmut2) and β-gal (lacZ) is GAAGGAGAU, for RFP (mCherry) it is AGAGGAGAA. 485 Bacterial growth and fluorescence measurements. 486 Bacterial growth was carried out in M9 minimal growth medium supplemented with 0.5% 487 glycerol (gly), 0.5% glucose (glu), 0.5% glycerol+0.2% casamino acids (cAA+gly) and 0.5% 488 glucose+0.2% casamino acids (cAA+glu). The pre-culture was obtained from the inoculation of The measurement of RFP-GFP constructs followed the protocol described previously (43).
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Analysis of GFP reporter expression data. 503 Experimental data obtained from the plate reader were analyzed with Matlab to obtain growth 504 rate, protein concentration and protein expression rate. The pipeline is shown in Fig. S1 . The 505 window in the growth curve corresponding to the exponential growth phase was defined as a 506 linear range between an upper and a lower threshold in the growth curve plot of log(OD600) 507 versus time (the thresholds determined manually or from an automated method (69) gave 508 similar results). Growth rate was derived from the slope of log(OD600) versus time in exponential 509 phase ( Fig. S2B and C) . GFP concentration was derived as the slope of the plot of GFP versus 510 OD600 in the exponential growth phase (Fig. S2B ). β-galactosidase concentration in Miller Units (2) 513 where A comes from the fit of OD600 as a function of time with the formula A(1 − e −γt )/γ 514 and γ is a decay factor from taking into account that the reaction product o-nitrophenol is 515 volatile(66). The rate of protein expression is defined as the product of protein concentration 516 and growth rate (μ). Figs. S1 to S16 690 Table S1 691
